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Abstract: Saudi Arabia’s industrial economy is quietly underpinned by energy
pipelines. But rapid gas-network expansion, decarbonisation commitments,
hotter operating environments and the need to extract more value from long-
lived assets are redefining reliability. In this review, advanced pipeline
technologies and lifecycle management are discussed as potential ways to
improve the reliability of the energy infrastructure in the Kingdom while
supporting Vision 2030, the Saudi Green Initiative and circular-carbon targets.
We used a structured review methodology to synthesise literature and industry
evidence published between 2020 and 2025, focusing on leak detection,
corrosion prediction, non-metallic materials, digital twins, risk-based
inspection, drone/robotic surveillance, and life-cycle carbon accounting. The
review shows that reliability is most improved when technologies are not
adopted as isolated tools but are embedded in decisions on design, construction,
commissioning, operation, maintenance and renewal. Distributed fiber-optic
sensing provides continuous monitoring along extended corridors; SCADA and
IoT platforms enhance situational awareness; machine-learning models aid in
corrosion and failure prediction; and digital twins integrate design data,
inspection histories, hydraulic simulations, and maintenance planning. These
capabilities are particularly relevant in Saudi Arabia, as new gas pipelines,
hydrogen ambitions, remote desert routes, and industrial-zone demand call for
high availability and faster fault localisation. This paper presents a lifecycle
reliability framework and a technology-integration matrix for pipeline
operators in Saudi Arabia. It concludes that the reliability of Saudi energy
infrastructure will depend on four enablers: data governance, localised
technical capacity, risk-based investment prioritisation and lifecycle
performance metrics that balance safety, availability, emissions and cost.

Keywords: Saudi Arabia, Pipeline Reliability, Lifecycle Management, Digital
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1. INTRODUCTION transformation because they connect production

Saudi Arabia is transforming its energy sites, processing facilities, power plants, industrial
infrastructure from an oil-based export system to a cities, ports and nascent energy clusters. An example
more diversified platform for gas, petrochemicals, of the scale of infrastructure now required to service
electricity transition, hydrogen and advanced domestic industries and displace liquid fuels in
industrial growth. Pipelines are at the heart of that power generation is the expansion of the Master Gas
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System, including some 4,000 km of additional
pipelines and new compression capacity [2].
Meanwhile, the energy system needs to be safer,
more efficient and less emission intensive to meet
national sustainability targets. The Saudi Green
Initiative commits the Kingdom to reducing
emissions, scaling up renewable electricity,
enhancing energy efficiency, and pursuing clean
hydrogen and carbon management pathways [4].
These ambitions only increase the importance of
reliable pipelines as gas networks, CO2 transport,
hydrogen corridors and industrial feedstock lines all
require high integrity assets over long service lives.

Pipeline reliability is often defined simply as
the absence of leaks or ruptures, but a more useful
definition for Saudi infrastructure is a wider one. The
dependable pipeline systems must provide
throughput, pressure stability, mechanical
soundness, environmental containment, cyber-
secure control, and recoverability following
abnormal events. They also need to be economical
over the life of the asset. Long distance corridors
cross remote desert areas where access for
inspection, temperature cycling, sand movement,
geotechnical exposure and emergency response
logistics can complicate integrity management. New
technical uncertainty will come from expansion into
new areas, including non-associated gas,
unconventional resources, hydrogen-related
infrastructure and industrial gas distribution. In such
a context, the traditional model of periodic inspection
and reactive repair is not enough. Reliability must be
designed, measured, predicted, and continuously
improved.

Recent studies show that the most promising
way is the convergence of advanced pipeline
technologies with lifecycle management. Reviews of
leak-detection methods show that acoustic, pressure,
mass-balance, fiber-optic and model-based
techniques have different strengths and limitations
and no single method covers all scenarios [10]. The
maintenance literature on Industry 4.0 emphasises
the importance of sensors, cloud systems, robotics,
artificial intelligence and digital platforms to shift
pipeline maintenance from scheduled routines to
condition-based and predictive decisions [11].
Machine learning reviews also show growing interest
in prediction of corrosion, cracks, dents and other
failure modes from inspection and operating data
[12]. But many technology programmes fail when
implementation is not aligned with lifecycle asset
strategy. Sensors create data, not decisions; drones
create images, not risk priorities; and digital twins
become expensive visual dashboards if they are not
tied to inspection intervals, repair thresholds, spare-
parts planning, and capital renewal.

This review aims to examine the potential of
advanced pipeline technologies for enhancing energy
infrastructure reliability in Saudi Arabia when
embedded in lifecycle management. The objectives
are: First, to synthesise recent literature on reliability
enhancing pipeline technologies; Second, to assess
the mapping of these technologies to Saudi operating
requirements and national energy transition goals;
Third, to develop a lifecycle framework linking
design, construction, operation, maintenance and
renewal; and Fourth, to identify implementation
enablers for operators, regulators and supply-chain
partners. The paper is structured as a review paper,
in line with recent Saudi sustainability studies, which
usually include policy context, technology mapping,
tabular synthesis and practical recommendations [1].
Rather than focusing on technical corrosion or leak
detection studies, this review addresses the
management architecture needed to translate
advanced technologies into sustained reliability
outcomes.

2. REVIEW METHODOLOGY

The article follows a structured narrative
review methodology with transparent search and
screening protocols. This study is a narrative review
because the research question is integrative, not
narrowly experimental: it seeks to link pipeline
technology, asset integrity, lifecycle management,
and Saudi energy policy. For more rigour, the process
borrowed reporting discipline from PRISMA 2020,
with a focus on clear eligibility criteria, traceable
search decisions, and transparent logic for synthesis
[29]. The approach was similar to the one in the
supplied model paper for this work, which included a
literature review, a methodological explanation, a
case-oriented technology mapping and a discussion
of sustainability implications for Saudi Arabia [1].
The search covered peer-reviewed articles, review
papers, standards-based reports, and official Saudi
energy documents between the years 2020 and 2025.
The date boundary was chosen to include the period
during which digital twins, distributed fiber-optic
sensing, machine learning, and sustainability-linked
asset management emerged as key themes in pipeline
research. Search strings included the combination of
the terms pipeline reliability, pipeline integrity
management, lifecycle management, leak detection,
distributed fibre optic sensing, corrosion prediction,
risk-based inspection, digital twin, machine learning,
Saudi Arabia, Vision 2030, gas infrastructure, and
hydrogen pipelines. Sources were preferred if they
met one or more of the following criteria of relevance:
1) direct application to oil and gas pipelines; 2)
contribution to reliability, safety, inspection, or
maintenance; 3) applicability to Saudi or Gulf energy
infrastructure; or 4) published in a reputable
academic or official industry outlet. We excluded
from the review papers that dealt with short
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laboratory components that were not relevant at the
system level, as well as papers published before 2020
unless they were indirectly cited by recent reviews.
We also excluded generic digital-transformation
studies that did not address asset integrity or energy
infrastructure. Official sources were also used where
they reflected Saudi policy or context for
infrastructure, such as gas expansion, renewable and
hydrogen targets, emissions-reduction pathways,
and corporate sustainability reporting [2-8]. The
evidence base was categorised into six themes:
national infrastructure context, lifecycle integrity and
risk-based maintenance, leak detection and real-time
monitoring, corrosion and prediction of failure,
digital twins and data integration, and materials,
robotics and future energy carriers. The review
protocol is summarised in Table 1. But the synthesis
was not just about the newest technologies. Instead,
each technology was evaluated against the lifecycle
reliability question: what failure mechanisms does it
address, what data does it require, where in the
lifecycle does it create value, and what are the
implementation conditions required in Saudi Arabia?

The analysis was done by thematic coding.
For each study included, the technology type,
reliability mechanism, lifecycle phase, data
requirement, operational benefit, limitation and
Saudi applicability were read. For example,
distributed fiber-optic sensing was coded as a
continuous monitoring technology related to
operation and emergency response, while risk-based
inspection was coded as a decision framework that
relates inspection interval with failure probability
and consequence [10-18]. Digital twins were coded
as integrative platforms, given that their value is in
linking design models, SCADA histories, inspection
data and predictive analytics [11-20]. Life-cycle
assessment studies were coded separately because
they increase the reliability from mechanical
availability to environmental performance in the
manufacturing, construction, operation, leakage and
recycling stages [19]. The coded findings were then
converted into the two figures and two tables
presented in the manuscript.

Table 1: Structured review protocol used for the study

Review item Protocol applied in this paper
Publication 2020-2025 sources were prioritized to maintain recent in-text citation coverage.
window

Source types
sustainability reports.

Peer-reviewed reviews, technical studies, official Saudi policy reports, and operator

Core search

Pipeline reliability, integrity management, leak detection, corrosion prediction, digital twin,

output research gaps.

terms risk-based inspection, Saudi Arabia, hydrogen pipelines.

Inclusion Direct relevance to pipeline assets, reliability, safety, inspection, maintenance, lifecycle
criteria emissions, or Saudi energy infrastructure.

Exclusion Pre-2020 items, generic digitalization sources without pipeline relevance, and laboratory-
criteria only studies without lifecycle implications.

Coding Technology type, reliability mechanism, lifecycle phase, data requirements, limitations, and
dimensions Saudi applicability.

Synthesis Lifecycle reliability framework, technology-integration matrix, stakeholder implications, and

3. Saudi Energy Infrastructure Reliability Context

Saudi Arabia’s pipeline reliability problem is
part of the country’s national energy strategy. Vision
2030 seeks to diversify economic activity, while
preserving the Kingdom’s position as a leading
supplier of energy. Gas infrastructure is the lynchpin
in this strategy, underpinning industrial growth,
cutting liquid-fuel burning in power generation and
providing feedstock for petrochemicals and emerging
manufacturing clusters. The 2024 gas expansion
announcement by Aramco states that the Master Gas
System is a national pipeline network linking major
gas production and processing sites, with the latest
expansion increasing capacity and extending supply
to more customers [2]. Such an expansion creates a
reliability imperative: pipeline outages would impact
not only oil and gas operations, but also electricity,
water desalination, industrial production and

downstream exports. And then there’s the energy
transition. Saudi Arabia has pledged to generate 50
percent of its power from renewable sources by
2030, reduce emissions by 278 million tonnes per
year, develop clean hydrogen, and advance carbon
capture and storage [4]. Saudi energy transition
academic reviews highlight that the Kingdom’s future
system will be a mix of gas, renewables, efficiency,
hydrogen, and carbon-management technologies
rather than a single pathway [5]. Pipeline networks
will therefore fulfil multiple reliability functions. Gas
pipelines will enable flexible power generation and
industrial fuel switching. Dedicated or blended
(within defined limits) hydrogen pipelines will
require material compatibility, leakage control, and
more sensitive monitoring due to different
embrittlement and dispersion characteristics of
hydrogen. Carbon capture CO2 pipelines will require
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corrosion control, phase-behavior management,
emergency planning, and public confidence. Further
evidence from the literature on the circular carbon
economy shows Saudi policy frames emissions
management as a mix of reduction, reuse, recycling
and removal, all of which could depend on reliable
transport infrastructure [6, 7]. A pipeline leak can
disrupt  supply, waste valuable resources,
contaminate the land, release methane, create a fire
risk and damage institutional trust. Life-cycle
assessment research has shown that natural gas
pipeline emissions should be evaluated from
manufacturing through construction, operation,
leakage and recovery, and that material production
can dominate carbon emissions, while methane
leakage continues to be a critical operational issue
[19]. This means lifecycle management needs to
include both technical integrity and sustainability
metrics. Availability alone is not acceptable if it is
obtained at the cost of too much maintenance travel,
unplanned flaring, inefficient compression or
frequent component replacement. Hence, four
metrics are necessary for a Saudi reliability model:
safety containment, service availability, lifecycle cost,
and lifecycle emissions. The Kingdom provides many
advantages for such a model. The big operators have
mature engineering systems, large project portfolios
and growing digital capabilities. Corporate
sustainability reports are increasingly focusing on
data, governance, emissions, non-metallic materials,
and innovation [8, 9]. Saudi industrial localisation
programmes can also become a catalyst for domestic
capabilities in sensors, composite pipe, inspection
robotics, analytics and maintenance services. But
three gaps still exist. First, data is often split between
engineering, operations, maintenance, inspection
contractors and project-delivery teams. Second,
advanced technology may be purchased in discrete
packages rather than as part of a common asset
information model. Third, lifecycle performance
indicators are not always integrated in early design
decisions. The following sections argue that these
gaps can only be closed by advanced pipeline
technologies when connected by lifecycle
management architecture.

4. Advanced Pipeline Technologies for Reliability

Advanced pipeline technologies enhance
reliability by making degradation visible sooner,
turning raw signals into risk intelligence, and
allowing interventions before defects become
failures. Leak detection is the most obvious one.
Traditional methods include pressure drop
monitoring, flow balance, acoustic sensing,
temperature analysis, vapour detection,
computational pipeline monitoring, and patrol-based
inspection. A review of leak detection methods in
2022 reveals that each method has trade-offs in
sensitivity, false alarms, localisation accuracy,

response time, installation cost and applicability to
subsea or buried routes [10]. This means Saudi long-
distance pipelines should have layered leak
detection, not singular. And then we can localise
events with distributed sensing. And then drones or
field teams to verify alarms. We can do computational
monitoring to find hydraulic anomalies. This layering
is especially important in remote corridors where the
response time and access can be the difference
between a small incident and a big outage. One fibre
can be used to monitor temperature, strain, vibration
or acoustic signatures over long distances and this
makes distributed fibre optic sensing a high value
technology for Saudi pipeline reliability. Recent
researches on distributed optical fibre sensors show
that it is suitable for weak leak detection and harsh
environments. The optical fibres can be used to
monitor the gas leakage along the kilometer-scale
corridors through backscattering effects [15]. The
technology offers continuous monitoring, fast
location and early warningof third party
interference, ground movement or leaks. Constraints
include installation planning, signal interpretation,
soil coupling, data volume and the need to calibrate
alarms to a specific pipeline fluid and environment.
Sensor placement and analytics must consider soil
type, burial depth, thermal gradients, and external
activities on desert routes.

Another important area is to predict the
corrosion. Corrosion is still one of the major threats
to pipeline integrity especially when transported
fluids contain CO2, water, H2S, salts or microbial
activity. Machine learning models are increasingly
applied to the prediction of corrosion rate, defect
growth and probability of failure. Fang et al,
exploited operating-condition data to develop
machine-learning algorithms for internal corrosion
prediction, and Hu proposed an interpretable
ensemble-learning framework in which temperature,
pressure, and CO2 partial pressure were significant
predictors [13, 14]. These studies show that
predictive corrosion management is evolving from
empirical allowance factors to data-driven
explainable risk estimation. The value for Saudi
operators is not only better prediction accuracy. The
strategic value is the ability to prioritise inspection,
chemical treatment, repair and replacement of
thousands of kilometres of assets. These technologies
are incorporated into lifecycle decision making by
digital twins. A pipeline digital twin could include
geographic information, hydraulic models, materials
data, welding records, coating information, cathodic-
protection readings, SCADA history, inspection
results, anomaly registers, failure modes and
maintenance plans. The first research on the digital-
twin asset management for oil and gas pipeline
systems defined the twin as a strategy to connect
asset information with lifecycle management [20].
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Wider research on predictive maintenance shows
that digital twins allow for real-time representation,
degradation modelling and automation of
maintenance, by linking sensor and operational data
with decision rules [21, 22]. The digital twin for Saudi
Arabia should be more than 3D visualisation. It
should be an auditable reliability cockpit that
answers pragmatic questions: which segment of the
greatest risk-adjusted exposure to outage, where
should inspection be advanced, which compressor
station is impacting pipeline energy intensity and
which renewal investment mitigates lifecycle risk
most effectively? Robotics, drones and in-line
inspection offer physical verification. Aerial drones
can traverse remote corridors faster than ground
patrols and collect optical, thermal, hyperspectral or
LiDAR data. In-line inspection tools provide data on
wall thickness, metal loss, deformation, cracking and
geometry. Robotic systems can reach hard-to-access
areas of a pipeline or facility that are dangerous for
humans to go. Recent reviews of in-line inspection
technologies show the increasing importance of
autonomous and sensor-equipped systems for the
detection of defects and enhancement of inspection
coverage [23]. Discussions in the industry also
suggest an interest in using drones for cost-effective
maintenance of oil and gas pipelines, as drones

minimise human exposure and facilitate rapid data
collection [24]. Saudi applications should stress
integration: drone imagery should feed anomaly
databases, inline inspection data should update
corrosion-growth models, and robotics should be
scheduled by risk, not by calendar routines.

Material innovation is a layer of prevention.
Where appropriate, using non-metallic and
composite pipes for services can reduce the risk of
corrosion, weight, installation effort and
maintenance exposure. Aramco’s innovation and
sustainability efforts have targeted non-metallic
materials and reinforced thermoplastic pipe [8]. Non-
metallic solutions are especially suitable for Saudi
pipelines in water, brine, low-to-medium pressure
hydrocarbon service, corrosive gathering systems
and certain hydrogen or CO2 applications following
compatibility validation. But material substitution
should be based on the life cycle. Operators shall
consider pressure class, temperature, permeation,
joining method, UV exposure, fire behaviour,
inspection compatibility, repairability and end of life
handling. Selection of materials based on a total
lifecycle risk and cost model rather than initial
procurement cost improves reliability.

Table 2: Technology-lifecycle integration matrix for Saudi pipeline reliability

Technology | Reliability function Lifecycle phase Saudi priority Main limitation

Distributed | Continuous leak, Construction, High for remote gas Signal calibration,

fiber-optic vibration, strain and operation, corridors and future soil coupling and

sensing thermal monitoring emergency hydrogen routes data volume

response

SCADA/IoT | Pressure, flow, Operation and High for network- Cybersecurity and

telemetry temperature and control wide situational sensor reliability
equipment state visibility awareness

Machine- Defect growth, corrosion Operation, High for long Requires clean

learning rate and failure prediction | inspection networks with varied | labeled data and

corrosion planning, renewal | fluids and explainability

models environments

Risk-based | Prioritizes inspection by Maintenance and High for critical Needs strong

inspection probability and integrity industrial and utility consequence
consequence management supply segments modelling

Digital twin | Integrates asset, Whole lifecycle High as national-scale | Data governance
hydraulic, inspection and asset-information and integration
maintenance data backbone maturity

Drones and | Rapid verification, visual Inspection, Medium-high for Weather, access

robotics inspection and reduced emergency remote routes and permits and data
human exposure response hazardous areas processing

Non- Corrosion prevention and | Design, High for corrosive Pressure, fire,

metallic lifecycle maintenance construction, services after permeation and

materials reduction renewal qualification inspection

constraints

Lifecycle Links reliability to Planning, renewal, | High for Vision 2030 | Data boundaries and

carbon emissions and resource sustainability and SGI alignment assumptions

accounting | efficiency reporting
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5. Lifecycle Management Framework

Lifecycle management turns technology
capability into repeatable reliability performance. A
proposed framework of six linked phases is
presented in Figure 1: strategic planning, design and
material selection, construction and quality
assurance, commissioning and baseline data capture,
operation and predictive integrity management and
renewal or repurposing. Strategic planning defines
service requirements, growth in demand, targets and
criticality of the environment. Design translates these
requirements into route selection, wall thickness,
coating, cathodic protection, materials, leak detection
philosophy, piggability, isolation valve spacing,
compressor strategy, cyber architecture and
assumptions on emergency response. Future
reliability is delivered through welding control,
coating  inspection, hydrotesting, geospatial
documentation and handover of verified asset data
by Construction and QA/QC. Commissioning defines
the baseline against which future degradation is
assessed.

Lifecycle management in operation should
transition from periodic compliance to risk-based,
condition-informed action. Risk based inspection is
valuable because it uses probability and consequence
to determine where the inspection resources provide
the highest benefit to reliability. Recent research
from RBI for pipelines takes account of inspection
planning with time dependent deterioration,
corrosion, dents and their interactions [18]. That
matters for Saudi networks, because long-distance
systems have sections with very different
consequence profiles: some run through remote
desert, some come close to cities or industrial zones,
and others feed high-criticality power or
petrochemical assets. Thus, a fixed inspection
interval may not be efficient. Inspection and
maintenance should be adapted to criticality, defect
growth, consequence, accessibility and uncertainty in
a lifecycle framework.

This framework also needs data governance.
Pipeline data is created by engineering contractors,
construction teams, geospatial surveyors, SCADA
systems, inspection vendors, corrosion engineers,

operations teams, emergency responders, and
finance departments. Analysis of reliability is reactive
and incomplete if the data are left to their own
devices. The asset information model for the lifecycle
should define the asset hierarchy, tag structure,
metadata, data quality rules, ownership, cyber
security controls and who is responsible for updates.
The governance layer should be the starting point for
digital-twin initiatives, not visualisation. The model
should be traceable from design assumptions to field
conditions. For example, if a segment was designed
for a particular pressure, gas composition, corrosion
allowance and coating system then changes in
throughput, CO2 content, temperature or soil
exposure should trigger a formal review of the
reliability assumptions. Lifecycle management brings
reliability one step closer to sustainability. The LCA
study on natural gas pipeline shows that emissions
come not only from operation, but also from material
production, construction, leakage and recycling [19].
Lifecycle decisions should therefore account for the
carbon and methane effects.” For example, a higher
grade coating or non-metallic pipe may reduce future
repair and leakage emissions; a better compressor
control system may reduce energy intensity; and
earlier leak detection can reduce both outage and
methane impact. In Saudi Arabia, with growing
energy infrastructure and clearer climate
commitments, reliability investments can be justified
as both risk-reduction and emissions-management
actions. The framework is translated into an
implementation logic in Figure 2 and Table 2. The
basic idea is that each technology has a dominant
position in the lifecycle but should feed data to other
phases. Fibre sensing is installed during construction
or retrofit but generates operational data. In-service
inspection is performed, but informs renewal design.
Digital twins start out as engineering data but grow
valuable as inspection and operating histories are
added. Design is the selection of non-metallic
materials, but they impact maintenance and
emissions for decades. The machine learning
corrosion models are trained on the fly and improve
subsequent material selection. Hence, lifecycle
management is a feedback system, not a linear
project checklist.

© 2026: Global Academic Journal’s Research Consortium (GAJRC)

707



Nadeem Khan, Glob Acad ] Econ Buss; Vol-8, Iss- 4 (Jul-Aug 2026): 702-712

Lifecycle Reliability Framework for Saudi Pipeline Infrastructure

Connecting design data, operating intelligence, inspection evidence, and renewal decisions
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Feedback loop: inspection results and operating data update future design,
risk ranking, and capital renewal

!
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and environment minimize downtime the lifecycle zero goals

Figure 1: Lifecycle reliability framework for Saudi pipeline infrastructure

Advanced Pipeline Technology Stack and Reliability Contribution

From field sensing to executive lifecycle decisions

Lower methane
and repair emissions
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transport readiness
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locallzation ® y= Decision Layer Work orders, shutdown plans, renewal CAPEX, emissions reduction ~ * SRERERIN LN

industrial reliability

Figure 2: Advanced pipeline technology stack and reliability contribution

6. DISCUSSION

Review findings indicate that the biggest
improvements in reliability will come from
integration, not just from the adoption of technology.
Saudi operators may already have SCADA, inspection

programmes, corrosion control, GIS and maintenance
planning. Then assemble the pieces so that data
collected in one function can improve decisions in
another. A leak alarm should be connected to
hydraulic state estimation, isolation planning,
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consequence mapping, emergency despatch and post
incident learning. A corrosion-rate model should be
used to revise inspection intervals, chemical
treatment plans and remaining-life estimates. A
drone survey should not finish as a folder of images,
it should update the risk register, the geospatial twin
and the work-management system. This cross-
functional integration parallels broader Saudi
sustainability research that argues technology is only
a support for sustainability when enabled by policy,
organisational capacity, and collaboration [1].

A second finding is that reliability needs to
be treated as a strategic national capability. New
pipeline investment is long-life infrastructure with
implications for utilities, industry, petrochemicals
and export competitiveness. The Master Gas System
and Jafurah development show that [2]. Saudi
Arabia’s ambitions for hydrogen and carbon-
management will generate new transport
requirements [4, 5]. If reliability knowledge is
embedded within imported tools or external
contractors, the Kingdom may find itself with
capability bottlenecks as networks grow. Localisation
should therefore include engineering analytics,
sensor deployment, fibre optic data interpretation,
inspection robotics, corrosion modelling and training
in lifecycle asset management. Universities, research
centres, operators and technology companies can
create shared test corridors for desert leak detection,
hydrogen-material compatibility and
sand/temperature effects on sensors.

Third, it relates to governance and trust.
Data quality and cyber security are critical for
advanced pipeline technologies. Critical
infrastructure is now exposed through the use of
SCADA, 10T devices, fibre interrogators, drones, cloud
platforms, and digital twins. Hence, reliability
programmes must contain cybersecurity-by-design,
access control, anomaly monitoring, vendor
assurance, and incident-response rehearsals. And
data governance is just as important. Training
machine learning models on incomplete inspection
histories, inconsistent failure labels, or biassed
operating data can lead to misleading results. Recent
ML reviews show that pipeline failure prediction still
faces challenges with data reliability and model
generalisation [12]. Before trusting Al for high-
consequence maintenance decisions, Saudi operators
should demand explainability, validation and human-
in-the-loop decision processes.

Fourth, the business case for reliability can
be bolstered by lifecycle carbon accounting.
Historically, pipeline integrity investments were
justified by avoided failures, regulatory compliance
and production continuity. This now allows for the
expanded case in the Saudi context: leak detection

reduces methane emissions; corrosion control
eliminates emergency repair and flaring; optimised
compression lowers energy consumption; and
durable materials reduce replacement frequency.
LCA evidence indicates that manufacturing,
construction, operation, leakage and recovery all
matter for pipeline emissions [19]. This underpins a
reliability-sustainability nexus where asset integrity
engineers, environmental teams and finance share
metrics. For example, a renewal project could be
evaluated on net present cost, risk reduction, avoided
outage hours, methane reduction, and carbon
intensity in the remaining service life.

But there are practical limits to the use of
technology. High-quality installation and data
engineering are essential for fibre sensing and digital
twins. Machine learning needs large clean labelled
datasets. In-line inspection may be restricted by
bends, valves, diameter changes, product type or
operational limitations. Non-metallic materials
should be qualified and validated for specific service.
Drones are limited by weather, flight permission,
battery, data processing etc. Criticality ranking, data
inventory, pilot segments, measurable reliability
indicators and lessons learned are the logical
roadmap before expanding across the network.

7. Implications for Saudi Pipeline Stakeholders
The key implication for operators is to
establish a lifecycle reliability office that connects
projects, operations, integrity, digital, HSE, finance
and sustainability. This office would own the asset
information model, reliability metrics, technology
roadmap and risk-based investment portfolio. It
should define minimum data  hand-over
requirements for new pipeline projects such as weld
records, coating data, georeferenced route files,
hydrotest results, material certificates, valve data,
baseline inspection records and sensor metadata.

For regulators and policymakers, this
implies the promotion of performance-based
reliability governance. Regulations should not
prescribe every technology, but they can require
operators to demonstrate lifecycle integrity, leak
detection capability, emergency preparedness,
management system maturity, and data traceability.
APIRP 1173 and related pipeline safety management
principles are focused on leadership, risk
management, operational controls, incident learning,
and continuous improvement [28]. A Saudi version of
such principles could improve accountability while
enabling technology-neutral innovation.

The implication for supply chain partners is
to shift from selling products to offering outcome
based reliability support. Sensor vendors should
provide calibration methods, false-alarm analysis
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and integration interfaces. Inspection companies
should supply data in formats that can be input into
digital twins and risk models. Contractors should
design for maintainability, piggability and future
sensor access. Qualify non-metallic and composite
products with transparent testing and service
envelopes from local manufacturers. Research
institutions should concentrate on degradation
mechanisms specific to Saudi Arabia, such as desert
soil-pipeline interaction, thermal cycling, hydrogen
compatibility, the effect of CO2 impurities, and
remote emergency logistics.

For sustainability teams, the implication:
Pipeline integrity should be treated as an emissions
and resource-efficiency issue. Leak prevention,
compressor optimisation, material selection and
lifecycle extension all contribute to national
sustainability goals. This creates a practical link
between the industrial development of Vision 2030
and the Saudi Green Initiative. Robust pipelines allow
gas to replace higher-emission fuels, provide
industrial clusters, and potentially support future
hydrogen and carbon-management systems. But this
contribution should be measured by transparent
lifecycle metrics, not broad claims.

8. Limitations and Future Research

It summarises available literature and
official sources and does not present field
measurements on Saudi pipelines. Peer-reviewed
Saudi case studies have an uneven documentation of
some advanced technologies, particularly hydrogen
pipeline monitoring and full-scale digital twins. The
review also emphasises the management
architecture of reliability, so it does not give detailed
equations for corrosion kinetics, hydraulic transients
or fracture mechanics. Future research should
develop Saudi-specific databases that link inspection
records, environmental exposure, operating
conditions, and failure outcomes. Datasets like these
would help build more reliable Al models and reduce
dependence on assumptions from other parts of the
world.

Future work should also explore the
economics of staged technology deployment. Not
every section of the pipeline requires the same
sensing density or digital-twin sophistication.
Research should compare lifecycle cost and risk
reduction for combinations of fibre sensing,
computational monitoring, drones, in-line inspection,
corrosion inhibitors, coatings and material
substitution. Another important area is hydrogen and
CO2 transport. These systems are of strategic
importance to the Saudi clean-energy plans, but
require research on embrittlement, permeation,
fracture control, impurity corrosion, emergency
response and public acceptance. Finally, future

studies need to assess organisational maturity: what
governance structures, skills, procurement models,
and performance indicators are best suited to
transform advanced technologies into sustained
reliability across national energy networks?

9. CONCLUSION

Improving the reliability of Saudi energy
infrastructure through advanced pipeline
technologies is not simply a matter of adding more
sensors or purchasing digital platforms. Technologies
are embedded into the lifecycle management from
strategic planning through design, construction,
commissioning, operation, maintenance, renewal and
repurposing, which leads to reliability. The review
indicates that distributed fiber-optic sensing, IoT-
enabled SCADA, machine-learning corrosion
prediction, digital twins, risk-based inspection, drone
surveillance, robotic inspection, and non-metallic
materials all contribute to significant reliability
challenges. Their value is maximised when they
function as an integrated system that translates data
into risk-based decisions.

For Saudi Arabia the integration is timely
and urgent. Gas-network expansion, industrial
diversification, hydrogen ambitions, carbon-
management  pathways and sustainability
commitments are all central to pipeline resilience. A
lifecycle reliability framework can help operators to
safeguard safety, ensure the continuity of supply,
reduce emissions and optimise investment. The
proposed approach identifies four enablers: strong
data governance, local technical capability,
technology integration across asset phases, and
performance metrics that combine availability,
safety, cost and environmental outcomes. If deployed,
advanced pipeline technologies can help Saudi Vision
2030 by expanding physical infrastructure, and
making that infrastructure smarter, safer and more
durable over its full life span. These results are
important for remote corridors and rapidly growing
industrial demand centres across the Kingdom.

REFERENCES

1. Madkhali, A,; Sithole, S.T.M. Exploring the Role of
Information = Technology in  Supporting
Sustainability  Efforts in Saudi Arabia.
Sustainability 2023, 15, 12375.
https://doi.org/10.3390/su151612375.

2. Saudi Aramco. Aramco's Strategic Gas Expansion
Progresses with $25bn Contract Awards. 2024.
Available online:
https://www.aramco.com/en/news-
media/news/2024 /aramcos-strategic-gas-
expansion-progresses-with-25bn-contract-
awards.

© 2026: Global Academic Journal’s Research Consortium (GAJRC)

710



Nadeem Khan, Glob Acad ] Econ Buss; Vol-8, Iss- 4 (Jul-Aug 2026): 702-712

3.

10.

11.

12.

13.

14.

Kingdom of Saudi Arabia. Vision 2030 Annual
Report 2023. 2024. Available online:
https://www.vision2030.gov.sa.

Saudi Green Initiative. SGI Target: Reduce Carbon
Emissions by 278 mtpa by 2030. 2025. Available
online:  https://www.sgi.gov.sa/about-sgi/sgi-
targets/reduce-carbon-emissions/.

Islam, M.T.; Ali, A. Sustainable Green Energy
Transition in Saudi Arabia: Characterizing Policy
Framework, Interrelations and Future Research
Directions. Next Energy 2024, 5, 100161.
https://doi.org/10.1016/j.nxener.2024.100161.
Al-Shehri, T.A. Saudi Arabia's Climate Change
Policy and the Circular Carbon Economy
Approach. Climate Policy 2023, 23, 151-167.
https://doi.org/10.1080/14693062.2022.2070

118.

KAPSARC. Saudi Arabia and the Circular Carbon
Economy: From Vision to Implementation. 2024.
Available online: https://www.kapsarc.org.

Saudi Aramco. Sustainability Report 2023:
Investing in  Growth, Innovating for
Sustainability. 2024. Available online:

https://www.aramco.com/en/sustainability/su
stainability-report/downloads.

Saudi Aramco. Annual Report 2024. 2025.
Available online:
https://www.aramco.com/en/investors/report
s-and-presentations.

Korlapati, N.V.S.; Khan, F.; Noor, Q.; Mirza, S.;
Vaddiraju, S. Review and Analysis of Pipeline
Leak Detection Methods. Journal of Pipeline
Science and Engineering 2022, 2, 100074.
https://doi.org/10.1016/j.jpse.2022.100074.
Naranjo, J.E.; Caiza, G.; Velastegui, R.; Castro, M.;
Alarcon-Ortiz, A.; Garcia, M.V. A Scoping Review
of Pipeline Maintenance Methodologies Based on
Industry 4.0. Sustainability 2022, 14, 16723.
https://doi.org/10.3390/su142416723.
Al-Sabaeei, A.M.; Alhussian, H.; Abdulkadir, S.J.;
Jagadeesh, A. Prediction of Oil and Gas Pipeline
Failures through Machine Learning Approaches:
A Systematic Review. Energy Reports 2023, 10,
1313-1338.
https://doi.org/10.1016/j.egyr.2023.08.009.
Fang, ], Cheng, X, Gai, H; Lin, S; Lou, H.
Development of Machine Learning Algorithms
for Predicting Internal Corrosion of Crude Oil and
Natural Gas Pipelines. Computers & Chemical
Engineering 2023, 177, 108358.
https://doi.org/10.1016/j.compchemeng.2023.
108358.

Hu, J. Prediction of the Internal Corrosion Rate
for Oil and Gas Pipelines and Influence Factor
Analysis with Interpretable Ensemble Learning.
International Journal of Pressure Vessels and

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Zhang, S.; Xie, S.; Li, Y.; Yuan, M.; Qian, X. Detection
of Gas Pipeline Leakage Using Distributed Optical
Fiber Sensors: Multi-Physics Analysis of Leakage-
Fiber Coupling Mechanism in Soil Environment.
Sensors 2023, 23, 5430.
https://doi.org/10.3390/s23125430.

Benabid, M.K.; Baumgartner, P.; Jin, G.; Fan, Y.
Leakage Detection Using Distributed Acoustic
Sensing in Gas Pipelines. Sensors 2025, 25, 4937.
https://doi.org/10.3390/s25164937.

Liu, H; Cai, X; Meng, X. Fast and Accurate
Prediction of Corrosion Rate of Natural Gas
Pipeline Using a Hybrid Machine Learning
Approach. Applied Sciences 2025, 15, 2023.
https://doi.org/10.3390/app15042023.

Huang, Y.; Qin, G, Yang, M. A Risk-Based
Approach to Inspection Planning for Pipelines
Considering the Coupling Effect of Corrosion and
Dents. Process Safety and Environmental
Protection 2023, 180, 422-438.
https://doi.org/10.1016/j.psep.2023.10.025.
Xu, S; Wang, ]J; Zhang, Y. Li, X. Life Cycle
Assessment of Carbon Emission from Natural Gas
Pipelines. Chemical Engineering Research and
Design 2022, 187, 629-642.
https://doi.org/10.1016/j.cherd.2022.08.040.
Xiangdong, X.; Liu, Z.; Wang, H.; Zhao, Y. Asset
Management of Oil and Gas Pipeline System
Based on Digital Twin. IFAC-PapersOnLine 2020,
53, 6832-6837.
https://doi.org/10.1016/j.ifacol.2020.12.1050.
Zhong, D.; Xia, Z.; Zhu, Y.; Duan, ]J. Overview of
Predictive Maintenance Based on Digital Twin
Technology. Heliyon 2023, 9, e14534.
https://doi.org/10.1016/j.heliyon.2023.e14534.
Abd Wahab, N.H.; Kamaruddin, S.; Azid, [.A,; Li, X.
Systematic Review of Predictive Maintenance
and Digital Twin Integration in Industrial
Systems. Journal of Manufacturing Systems 2024,
74,1-21.

Ma, Q.; Liu, Y.; Wang, Z.; Zhang, P. A Review on
Pipeline In-Line Inspection Technologies.
Sensors 2025, 25, 4873.

https://doi.org/10.3390/s25154873.
World Economic Forum. Drones: Ensuring Cost-
Effective Maintenance of Oil and Gas Pipelines.

2022. Available online:
https://www.weforum.org.

Alhassan, F.; Al-Qahtani, A.; Al-Shehri, A.
Economic Feasibility of Hydrogen
Transportation Network in Saudi Arabia.

International Journal of Hydrogen Energy 2025,
78,1188-1203.

Ali, A.; Almutairi, K., Padmanaban, S.
Transforming Saudi Arabia's Energy Landscape
towards a Sustainable Future. Sustainability

Piping 2024, 208, 105329. 2023, 15, 8420.
https://doi.org/10.1016/j.ijpvp.2024.105329. https://doi.org/10.3390/su15108420.
© 2026: Global Academic Journal’s Research Consortium (GAJRC) 711



Nadeem Khan, Glob Acad ] Econ Buss; Vol-8, Iss- 4 (Jul-Aug 2026): 702-712

27.

28.

Solangi, Y.A; Longsheng, C. Shah, S.AA.
Evaluating Challenges and Policy Innovations for
Renewable Energy and Circular Economy in
Saudi Arabia. Journal of Environmental
Management 2025, 365, 121635.

American Petroleum Institute. 2020 API-AOPL
Pipeline Safety Excellence Performance Report
and 2020-2022 Strategic Plan. 2020. Available
online: https://www.api.org.

29.

30.

Page, M.].; McKenzie, J.E.; Bossuyt, P.M.; Boutron,
I.; Hoffmann, T.C.; Mulrow, C.D.; et al. The PRISMA
2020 Statement: An Updated Guideline for
Reporting Systematic Reviews. BM] 2021, 372,
n71. https://doi.org/10.1136/bmj.n71.

Kraus, S.; Breier, M.; Dasi-Rodriguez, S. Literature
Reviews as Independent Studies: Guidelines for
Academic Practice. Review of Managerial Science
2022, 16, 257.

© 2026: Global Academic Journal’s Research Consortium (GAJRC)

712



